Introduction
Renewable energy generation is becoming important in stimulating economies across micro-to-macro scales [1] , delivering an environmentally sustainable resource [2] , and has the potential to change the global energy security and inter-dependency landscape [3] .
The potential environmental impact from renewable energy infrastructure and the cost 5 of developing emerging technologies, leads to the requirement for numerical methods with high-fidelity and accuracy in order to reliably estimate power output, optimise design and minimise environmental impact. Ocean and coastal models are increasingly used to study complex geophysical fluid dynamics and its interaction with biological and geochemical processes [4] . The potential insight from simulations has made ocean and 10 coastal models a valuable tool in scientific research as well as engineering. Simulations are used to assess the impact of anthropogenic changes, the vulnerability of coastal and urban areas to natural hazards [5, 6] and in hydrocarbon exploration and sequestration research [7, 8] . In the contexts of tidal renewable energy and coastal engineering, coastal ocean models are used for estimations of power output, design, optimisation [9, 10, 11] 15 and environmental impact assessment [12, 13, 14, 15] . The focus of this paper is on one of the first stages in computational ocean and coastal modelling: the specification of the simulation domain and its tessellation into discrete elements, commonly referred to as mesh generation. The predictive accuracy of simulations can be significantly affected by the mesh resolution, gradation and shape of mesh elements, collectively identified as 20 "mesh quality". Therefore, generation of high-quality meshes is fundamental to ocean and coastal modelling.
The paradigm of mesh generation in coastal and ocean modelling can be broadly described as a two-step procedure. In the first step, the domain is defined in a topologically two-dimensional space, bounded by shorelines and open boundaries [16] . A finite, two-25 dimensional reference surface is thus defined, often on a geodetic datum, and a mesh is generated over this reference surface. If a two-dimensional approximation, such as the depth-averaged shallow water equations is sufficient, mesh-generation is complete.
When a three-dimensional approximation is required, the second step is the projection M A N U S C R I P T
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of the surface mesh vertices at successive levels towards the ocean floor, thus creating 30 three-dimensional elements [16] . The second step requires little user intervention, so the first step has become a synonym for mesh generation, in the ocean and coastal modelling context. Based on the regularity and structure in the mesh over the two-dimensional reference surface, a taxonomy of the mesh and relevant simulation approaches into structured and unstructured mesh methods is commonly used [17] [18] [19] . Structured meshes 35 can be formed through a mapping of coordinate contours from an indexed space to a physical space [20] [21] . The connectivity between mesh vertices is pre-determined and repeating [22] . On the contrary, in unstructured meshes, the connectivity can arbitrarily vary from vertex to vertex [23] [22] .
Despite the reduction of the relevant dimensions to just two, the production of quality 40 meshes for geophysical domains can be an elaborate procedure [16, 24, 25, 26, 27, 28, 29, 30] . A significant number of data sources must be combined to compose a geometrically complex domain. The geometry of geophysical domains is one of the most widely known examples of fractal geometry in nature [31, 32] . Geometrical length-scales across four orders of magnitude is typical in ocean modelling: The simulation domain size can 45 span hundreds of kilometres, while the smallest bays can be tens of metres long. An even smaller scale may be relevant when the domain must accurately represent coastal infrastructure such as piers, pylons or embankments [33, 26, 34, 29, 30] . In addition to domain geometry, the flow typically exhibits a large range of scales, with many transient flow features, such as internal waves or jets, appearing due to the geometric complex-50 ity of the domain [35] . Therefore, a mesh must represent very complex domains with element sizes across a broad range of scales, with smaller elements in areas that require a higher fidelity, while gradation across element sizes must be smooth. Unstructured meshes are increasingly favoured in many coastal and ocean models as they tend to satisfy the above requirements with relative ease [36, 26] . Alternatively, nested structured 55 meshes embed higher resolution structured meshes into a parent coarse resolution grid [17] [18] [19] [37] [38] [39] . Information from the parent grid is passed to the high-resolution grid in the form of boundary conditions, through an interpolation operation. A restriction operation, passing information from the high-resolution grid to the parent grid, is also common in ocean modelling [40] [38] [39] . Nested structured grid approaches ben- 60 
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efit from the mesh structure as well as the desirable numerical properties common to structured mesh approaches. Nested mesh approaches thus result into efficient numerical frameworks [37] [40] [38] [41] , and are commonly used in estuarine modelling [42] , as well as coastal and ocean modelling [37] [40] [38] [39] [41] .
The aim of this paper is to present an efficient unstructured mesh generation frame-65 work suitable for coastal ocean modelling, with a particular application focus on marine renewable energy. In order to facilitate the use of multiple models, the meshing framework is not tailored to a single ocean model. Therefore, the use of multiple models in complex simulations is promoted, and comparisons between different models are facilitated. In this way, the strengths of various coastal models are highlighted, and the geographical data [43] . In particular, the fractal nature of ocean and coastal domains, as well as the various conventions used in geodetic coordinate reference systems are not natively expressed in CAD-CAM systems [43, 26, 34] . Combining shoreline or bathymetry data is a typical example; one may have to combine several global, national and regional datasets as well as data from very high-resolution surveys over relatively small regions.
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Each dataset can also differ at least in terms of extents, resolution, coordinate reference system and vertical zero-datums. Unlike CAD-CAM, Geographical Information Systems (GIS) have been developed specifically for storing and analysing geographical information. GIS packages are robust and widely used in research as well as in operational and strategic planning contexts, where resource management, hazard mitigation 85 and infrastructure development are a few examples. Therefore, GIS packages are ideal for supplying mesh generators with the geospatial data they require, as demonstrated by various previous projects. In Blue Kenue [44] a GIS capability was implemented as part of a complete meshing software application. Projects such as Terreno [16, 24] were built on geospatial libraries, such as GDAL [45] and GMT [46] , and offered a range of Another important feature of GIS systems is their capability to interact with databases, allowing concurrent data analysis and manipulation. Databases can also be used to record 95 data origin and evolution, termed data provenance [26, 47] . However, databases in GIS systems are typically not maintained in a manner pertinent to scientific research, where the primary aim of data provenance is to show reproducibility [47] . A record of data and software depended upon is usually required as evidence of reproducibility, including scientific data and software used in preparation of simulations. Therefore, the reproducibility 100 of numerical simulations relies, at least in part, on the ability to exactly reproduce the underlying mesh, so we will show how Research Data Management (RDM) can be integrated with mesh generation in GIS. The integration of RDM and mesh generation was motivated by the increased attention on the reproducibility of scientific computation [48] , perhaps as much as open-source software. Also, public research bodies are 105 adopting policies on data and software output from publicly-funded research to be made readily available, and provenance to be clearly identified [49, 50, 51] . In the industrial sector reproducibility, data archiving and data provenance are viewed as efficient modelling practices. Industry and governing bodies are also bound by regulatory frameworks which require public accesibility to data during the planning phase [52, 53, 54, 55] , as well 110 as after commisioning [56, 57] , especially when data pertains to environmental impact of infrastructure.
Here we present the qmesh package, interfacing GIS with a mesh-generator and online data repositories. We link the abstractions offered by mesh generators and GIS packages and build tools that facilitate mesh-generation for coastal flow modelling. While the 115 motivation for linking GIS and other geographical data manipulation tools and libraries with mesh generators is not novel [44, 24, 25, 26, 27, 28, 58, 29, 30] , the implementation presented here is. Unlike existing integrations of GIS and mesh generators, qmesh was principally developed as an object-oriented software library, accessible through an Application Programming Interface (API). In qmesh GIS capability is implemented through 120 the use of existing and robust GIS implementations as generic libraries, rather than building extensions to a particular GIS implementation, such as is described in [25, 26, 27, 28] .
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qmesh is thus a library with which command line utilities and a graphical interface have also been developed. The integration of RDM functionality is another novel feature of qmesh. The broader aim of qmesh development is the creation of robust, efficient, 125 operational and user-friendly tools for mesh generation over geophysical domains, but the particular focus here is on multi-scale meshes for simulations targeted at marine renewable energy applications. Thus, the qmesh design was centred around providing the following requirements: facilitation of domain geometry and mesh element size definitions; an intuitive way of specifying boundary conditions and parameterizations; the 
The qmesh package
Overview
The user perspective of mesh-generation packages is centred around specification of 140 two parts: domain geometry and mesh element size. Encoding domain geometry and mesh element size is a useful paradigm for describing meshes for ocean modelling [16] , as it organises the necessary information in a conceptually clear way. We here follow the conventional norm in ocean modelling, discussed in section 1, where meshes are produced in a topologically two-dimensional space [16] . Thus the shorelines and "open boundaries" 145 represent the boundaries of the domain. The two primary data structures of GIS are used to describe linear features and field data. A vector data structure can represent points, lines and regions on a reference surface, while a raster data structure encapsulates the discrete representation of fields. The analogue to the abstraction used to drive mesh generators is clear: the domain geometry can be described with a vector data structure, to online citable repository services.
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The GIS package chosen in this study is the QGIS package [59], the mesh generator is Gmsh [60] and the PyRDM software library [61] was used to integrate research data management [47] . The main reasons for choosing QGIS, Gmsh and PyRDM, are robustness, extensibility and permissive licences. Specifically, Gmsh is a robust mesh generator featuring a CAD-CAM interface, and has been used for generating meshes in various 165 scientific and engineering domains, including geophysical domains [62, 60] . QGIS is a widely used GIS platform, with an active community of users and developers, and has been used as a user interface to mesh generation in past efforts [25, 26, 28] . The functionality of QGIS is available to the user as a standard GIS system with a rich graphical interface and as an object-oriented Python module. Therefore, QGIS is a solid frame- 
qmesh design
The vector module is used to construct a complete definition of the domain geometry library is used to store and retrieve the digital IDs as standardised feature attributes.
The output of the vector module uses the ESRI shapefile [63] vector data-structure, which also supports storage of the ID feature attributes. This way the module output as well as IDs can be visualised, assigned and edited with any GIS platform.
The aim of the raster module is to facilitate construction of raster fields that describe The mesh module is used to translate the domain and mesh element size definitions into Gmsh data structures and, as suggested in figure 1 can be used to convert the mesh into a vector data-structure. Such functionality enables mesh visualisation using QGIS, and in particular to over-lay the mesh on other data. Various qualities of the mesh can 225 thus be assessed and the work-flow can be restarted towards improving the mesh. The meshing module also allows the user to specify the coordinate reference system of the output mesh, which need not be the same as that of the domain geometry and meshmetric raster. Coordinates are reprojected to the target coordinate reference system before the data is passed to the mesh generator. The reprojection procedure uses the 230 QGIS library; this way meshes can be obtained in all cartographic projections that QGIS supports and identifies via an EPSG code. The output mesh is two-dimensional and the EPSG specification describes the dimensions, including their units. As a particular case, the output mesh can be constructed in a three-dimensional space, where the mesh vertices lie on a sphere, using specific Gmsh functionality described in [62, 58] . The vertex
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coordinates are specified in terms of a Cartesian reference system whose origin lies at 9 M A N U S C R I P T
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the sphere centre, the z-axis is the axis of rotation and the x-axis intersects the surface of the sphere at 0 longitude and 0 latitude. Meshes thus constructed can be used to perform global simulations or simulations over large areas [16, 62, 7, 8, 6, 58, 29, 30] .
The aim of the publish module is to facilitate provenance description and reproducibil-240 ity of qmesh output. Broadly, the specific version of qmesh used to produce the mesh and all of the input data sources are stored in an online repository. In general data provenance may seem intractable since data and software are often stored in a non-persistent way and are not easily accessible. However, given the increasing importance of data provenance, online data repositories with efficient storage and access controls such as Zenodo
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and figshare, are becoming popular means of archiving and dissemination. Also, such services incorporate meta-data as means of describing hosted data and minting a unique
Digital Object Identifier (DOI).
The DOI is a standardised [66] citable identifier and is aimed to be assigned to digital objects, stored in a persistent way in open repositories.
Therefore, DOI is a widely-adopted identifier for digitally stored data, be that a scien-250 tific publication, the output of scientific computations or records from experiments and observations. Given the wide range of data sources that can be combined during mesh generation for realistic geophysical domains, the task of manually maintaining the provenance information of all the relevant data files can be time-consuming and error-prone.
As shown in figure 1 the publish module interfaces with the qmesh development reposi-255 tory, via PyRDM [61, 47] , to identify the exact version of qmesh used. A query is then made with the repository hosting service to establish if this version of qmesh has already been uploaded and assigned a DOI. A similar query is performed for each input data source. Each unpublished item is then uploaded and a new DOI is minted and assigned to the entire dataset. The dataset also includes citations, in the form of meta-data, of 260 the DOI markers of already published items. The various DOI markers can be thought of as nodes of a tree, and the citations are the tree connections, a similar concept to scientific publications. Also, the output can be archived in a private repository, without a DOI, to facilitate archival of commercially sensitive information. implementation. Like the CLI it can be used to build scripts that automate series of operations, but its primary purpose is to allow the use of qmesh as a software library.
User interface
Testing and availability
A testing framework is used to ensure that code development does not affect the output. The testing framework executes various tests, classified into unit-tests and More detailed ADCP measurements of vertical velocity profiles [77] show that velocities 
Mesh generation
Figures 2(a) and 2(b) show the area selected as the simulation domain in this example.
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As shown, the domain boundaries are formed using various data sources. Since the region of interest in this study is the Inner Sound, a relatively accurate representation of the shorelines around the Pentland Firth is required. Thus, the "full" resolution set from the GSHHG dataset [81] is used to represent the Orkney islands, as well as a part of the mainland coast. As discussed later, regions further away are simulated in order to capture Given the exclusion of areas with notable bathymetry changes from the domain in figure 2 , the optimal mesh size, in this case, can be described in terms of proximity to 380 the shorelines and the tidal array [65] only. Therefore, the following proximity based gradation specifications were used:
• Element edge length of 150 m at the GHSSG full resolution coastlines, shown with black lines in figure 2(b) . The element edge length is increased linearly to 15 km across a distance of 1 degree (on an orthodrome) from the shoreline.
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• Element edge length of 1500 m at all other shorelines. The element edge length is increased linearly to 15 km across a distance of half a degree (on an orthodrome) from the shoreline.
• Element edge length of 5 m inside the Inner Sound tidal array site. Outside the site, the element edge length is maintained at 5 m up to a distance of 0.01 degree
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(on an orthodrome) from the site, after that increasing linearly to 15 km across a distance of a degree. A detailed survey of the Inner Sound seabed topography and composition is given in [89] where the effect of the currents on the topography are also examined via highly resolved simulations, with approximately 40 m resolution in the Inner Sound.
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The domain boundaries, Inner Sound plot boundaries and turbine parameterisation areas (shown in figure 2 ) are available in [90] , The mesh (shown in figure 4 ) is available in [91] . The qmesh source code was uploaded separately, and is available in [92] .
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Model configuration
In order to show that the meshes are immediately usable by many ocean modelling 435 packages, we present some results from simulations using the meshes shown in figure 4.
The Fluidity and Telemac ocean modelling and fluid dynamics packages were used to solve the shallow water equations in the "depth-averaged" formulation:
where u i is the depth-averaged velocity, h is the total water depth and ν e is the effective viscosity. Z s is the free surface elevation measured from the reference level, in this case, the UTM30 vertical datum. Denoting the bathymetry, shown in figure 2 , by Z f gives 445 h = Z s − Z f . C i are the components of the Coriolis term:
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S f in equation (2) is the seabed friction term, and S t is a momentum sink term used to parameterise the effect of the tidal turbine on the larger scales of the flow. The friction term is written as a function of depth, the friction coefficient C f and the velocity magnitude u = u 2 1 + u 2 2 :
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The value of the friction coefficient is variable in space, depending on floor topography, roughness and fauna. Here the constant value 0.0025 was used throughout the domain, as this is a commonly used value for coastal waters and shelf seas [93, 94] . However, recent studies have shown a value 0.005 to give better agreement with observations for the Pentland Firth [87, 85] . Nonetheless, the meshing procedure described in section 3
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will not change with an adjustment of C f . In Telemac, the specification of the seabed friction is made in terms of a Chezy formulation, with a coefficient C,
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The tidal turbine parameterisation is here defined in terms of a drag force, following [83] :
where A p is the horizontal area over which the turbine parameterisation is applied, ρ denotes density and F is the drag force of a turbine [83] :
where C D is the turbine thrust coefficient and A is the representative area of the tidal 470 turbine; for example, the area swept by the turbine fan. We have chosen the area to apply each turbine parameterisation A p to equal A in this example, so the momentum sink term can be written as:
A constant thrust coefficient is used in simulations using Telemac and Fluidity, C D = 0.6.
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It should be noted, that a more realistic representation is one where the power output of a turbine is rated and thus the thrust coefficient varies with the local velocity magnitude as discussed in [83, 14] .
The discretization of equations (1) and (2) 
Simulation results
While the focus of this study is not to perform an in-depth comparison of the two models, it was noted that the differences between Fluidity and Telemac in discretisation 
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is predicted by both models. ADCP data and simulation results show u 1 fluctuations during flood tides. The ADCP data also suggests that the models over-predict the peak u 1 component magnitude during peak ebb currents.
The u 2 plots in figure 5 show that both models are in close agreement but overpredict the u 2 component magnitude during both flood and ebb tides. During ebb tides, 560 the plot shows that both models predict a flow slightly towards the North during the peak ebb currents at the ADCP location, while the ADCP recorded an overall flow to the West, with strong fluctuations. Overall, Fluidity gives the largest over-prediction of u 2 magnitude during flood tides, while Telemac gives a larger over-prediction during ebb tides. Telemac (bottom row). An animated sequence can be found in [103] .
565 Figure 6 shows contours of the free surface elevation at six instants during the semidiurnal cycle. The shown instants were identified in figure 5 . There is a good qualitative agreement between the two models, and both models predict the expected overall be- As with similar projects, qmesh interfaces GIS and mesh generators by linking corresponding fundamental abstractions between the two. The basic abstractions are also reflected in the user interfaces of qmesh, resulting in a clear and consistent structure.
675
The multitude of user interfaces was implemented to allow qmesh to be used in various ways: as a software library, a utility in a mnemonic command oriented terminal and a tool within the rich graphical interface of a GIS system. This way qmesh is a robust and 28 M A N U S C R I P T
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flexible mesh generation methodology that allows effort to be focused on interpreting and combining geospatial data in a mesh generation context, rather than focusing on 680 translating data. However, the volume of data and number of data sources can rapidly increase. Data management can become problematic as duplication and lack of source attribution can impact on the reproducibility of mesh generation as well as simulation output. Thus, RDM functionality was added to qmesh, to facilitate reproducibility and data provenance attribution of computational simulations [61, 47] . 
Highlights
• An unstructured mesh generation framework for coastal ocean modelling is presented.
• We detail the interfacing of GIS with a mesh-generator and online data repositories.
• An application in a study of tidal flow in the Pentland Firth is presented.
• The framework facilitated identical mesh and bathymetry in two ocean models.
